The removal of toxic and heavy metals from wastewater is a matter of great interest in the field of water management. Recently, removal of heavy metal ions from industrial waste effluents has become more challenging due to the implementation of stricter laws and regulations to restrict the concentration of pollutants discharged into waters and soil to less than 1 mg/kg. Traditional methods of metal ion removal become inefficient at eliminating metal ions below this concentration. Therefore, there is an urgent need to develop alternative ways to feasibly remove ion pollutants to reach the required low concentration (Yang, et al., 2009). One possible approach is to use sorbents of biological origin to remove toxic metals from dilute aqueous solutions. Biological sorbents generated from food and agricultural industry waste, such as waste eggshells and its derivatives, are considered to be an economical source. If low-cost biological sorbents can be used in the wastewater pre-treatment process, the overall management cost will be reduced significantly (Chojnacka, 2005) . Moreover, it is a 'green' approach as these sorbents are generally biodegradable and hence, more environmentally friendly.
wastewater has emerged rapidly. Silver in aquatic discharges may occur in a variety of chemical forms, though the concentration of free ionic Ag + is probably very low in most circumstances. Silver ions can be accumulated in animal organisms through their food chain to cause harm to themselves (Hou et al., 2009) . It is known that Ag + exposure can cause inhibition of active Na + and Cl − uptake by compromising branchial Na + -ATPase and K + -ATPase to cause ion regulatory failure in crayfish and daphnids (Bianchini et al., 2003; Grosell et al., 2002) . More recently, Ag + has been shown to impair neurodevelopment in neuronotypic cells (Power et al., 2010) . Since silver is widely used in various industries due to its excellent malleability, conductivity, thermal conductivity, etc., sources for silver have become rarer as its future usage increases (Purcell et al., 1998) . Its wide applications have produced a fair amount of silver waste. Therefore, effective removal and recovery of Ag + has also become a critical task.
Hen eggshell waste is widely produced in households and food industries such as restaurants and bakeries. In this study, we
proposed to use hen eggshells as a low-cost biological adsorbent of nickel and silver ions. Whole eggshells or eggshells with membrane (ESWM) consist of ceramic materials constituted by a three-layered structure, namely the cuticle on the outer surface, the spongy (calcareous) layer in the center and the inner lamellar (or mammillary) layer (Tullett, 1987; Stadelman, 2000) . Eggshells (ES) have little porosity and pure CaCO 3 is their main constituent.
By-product eggshells generated from food processing and manufacturing plants are inevitably composed of calcium carbonate (ES) and eggshell membrane (ESM). ESM resides between the egg white and the inner surface of the eggshell. There are two shell membranes around the egg: a thick outer membrane attached to the shell and a thin inner membrane (Parsons, 1982; Nakano et al., 2003) . Each of these membranes is composed of protein fibers that are arranged to form a double-layered, semi-permeable membrane.
Therefore, ESM possesses an intricate lattice network of stable,
water-insoluble fibers and has a high surface area for various applications such as an adsorbent (Tsai et al., 2006; Tsai et al., 2008 
Materials and Methods
Preparation of adsorbent The natural raw eggshells were obtained from a campus breakfast store in Tunghai University.
After cleaning the eggshells, they were divided into three groups:
eggshell with membrane (ESWM), eggshell membrane (ESM), and eggshell (ES), as adsorbents in this study. These samples were dried at 55℃ in an oven and subsequently ground into powder by high speed grinder RT-02B (Rong Tsong, Taiwan). Then, these samples were further screened by No. 200 meshes to obtain their final adsorbent samples for experimental use. The resulting adsorbent particle size of diameter should be lower than 0.074 mm.
Besides, in order to simplify the separation procedure of ESM from eggshell, and observe whether the ESWM has the better capacity for metal ion adsorption, we kept the ESWM to be used as one of adsorbents in this study.
Adsorption experiment design
Effect of adsorption time
To test the effect of adsorption time of each 0. Spectrophotometer analysis To measure the post-treatment concentration of each ion, each post-treatment solution was filtered with filter paper (Whatman No. 1) and centrifuged at 3500 r/min for 15 min. For Ni 2+ ions detection, the supernatant of 2.5 mL was aspirated and mixed with 4 mL NaOH, 5 mL ammonium persulfate, 2 mL dimethyglyoxine, and 12.5 mL DDW (double distilled water).
After 30 min of reaction time, 1 mL of the mixed solution was taken to detect ion concentration at 465 nm wavelength by a spectrophotometer. For Ag + ions detection, the supernatant of 5 mL was aspirated and mixed with 2 mL citric acid-monopotassium phosphate buffer, 1 mL arsenazo-III, 1.2 mL L-ascorbic acid, and 5 mL DDW. After 4.5 min of reaction time at 90℃ followed by cooling to room temperature, the ion concentration in 1 mL of mixed solution was detected at 540 nm wavelength. was 90.9% and 88.1%, respectively. The direct correlation between adsorbent dosage and adsorption capacity was clearer in nickel than silver single-ion solution. For Ag + , the percentage of adsorption increased rapidly from 0.1 g and plateaued at 0.4 g of adsorbent dosage. This observation is likely due to the overlapping and overcrowding of aggregated particles at a higher dosage, resulting in limited availability of the surface area and exposed active binding sites (Yeddou and Bensmaili, 2007) .
Statistical analysis
Each experimental set was performed in ten replicates. Each testing parameter for ESWM, ESM, and ES was analyzed by analysis of variance (ANOVA) and Duncan's
Effect of reaction temperature on adsorption of nickel and
silver with eggshell samples Generally, the temperature of industry wastewater ranges from 25℃ to 40℃. Therefore, the effect of temperature on Ni 2+ or Ag + adsorption by eggshell samples was studied in the range from 15℃ to 45℃ (Figs. 4a and   4b ). As seen in Fig. 4a (Fig. 4b) , the effect of temperature on Ag + adsorption could be ignored, as presented by Huo et al. (2009), or affected by an endothermic reaction as in amino methylene phosphonic acid resin (Shu et al., 2006) , depending on the types of adsorbents. and Ag + are as in Fig. 1 .
